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Electric voltage applied in electrowetting can induce speading, sliding and even jumping of an individual
droplet by changing the intrinsic balance of three-phase interfacial tensions, which has been widely used for
droplet manipulating in microfluidics and lab-on-a-chip devices in over decades. In the present paper, we present
an analytical prediction of jumping velocity for droplets electrowetting on textured hydrophobic surfaces with
different wetting states. In particular, we consider a liquid droplet wetting on a textured hydrophobic substrate
with a voltage applied between the droplet and the substrate. Once the voltage is turned off, the energy stored
in the droplet during the electrowetting releases and could even result in the detachment of the droplet. The
effects of the initial and electro- wetting states, i.e. Cassie-Baxter state and Wenzel state, on the jumping
velocity of droplets are systematically discussed. Based on energy conservation, the energy conversion between
the surface energy, internal viscous dissipation and the kinetic energy of droplets in different wetting states
are analysed. The close-form formulas to predict the jumping velocity for different droplet wetting states are
systematically derived. Finally, the unified form for predicting the electrowetting-induced jumping velocity of
droplets on both flat and textured substrates with different wetting states is obtained, which can describe the
jumping motion with various wetting conditions. This work provide theoretical insights on accurate control of
the electrowetting-induced jumping motion of droplets on textured hydrophobic surfaces.
Droplet jumping on hydrophobic surfaces has attracted re-
searchers’ attentions due to its potential applications in many
industrial fields, such as anti-icing [1], anti-dew [2], clean-
ing [3–7] and heat transfer enhancement [8–10]. Electrowet-
ting is one of the most efficient techniques to manipulate the
droplets to jump from hydrophobic surfaces, which has been
used for accurately droplet controlling in many microfluidic ap-
plications over the past decades [11–20]. In particular, many
researchers concentrate on understanding the dynamic mecha-
nisms of electrowetting-induced jumping motion of droplets on
hydrophobic substrates from analytical methods[21, 22], exper-
imental measuraments [22–27] and numerical simulations [28,
29]. For instance, based on a series of experiments, Lee et
al. [23, 24] investigated the electrowetting-induced jumping of
droplets on hydrophobic surfaces, and suggested that the de-
tachment of droplets can be improved by tuning the wettabil-
ity of the substrates or enhancing the frequency of the square
pulse signals. Raman et al. [28] simulated the dynamic process
of electrowetting-induced jumping motion based on the Lattice
Boltzmann method, in which the viscous dissipation during the
detachment can be increased by using higher voltage. Cavalli
et al. [22] studied the electrowetting jumping of droplets from
both experimental and numerical methods. They investigated
the efficiency of the energy conversion between the surface en-
ergy and the gravitational potential energy of the droplet after
the jumping motion occurs. Their results indicated that the finite
wettability of the substrate can affect the detachment dynamics
and they proposed a novel rationale for the previously reported
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large critical radius for droplet detachment from micro-textured
substrates. Vo et al. [30] investigated the critical conditions
for jumping droplets on hydrophobic substrates in experiments
and their analysis demonstrate the effects of contact-line pin-
ning on the dynamic process of droplet electrowetting-induced
jumping motion. Zhang et al. [21] derived a close-form formula
to describe the energy transition during the process of droplet
jumping from flat hydrophobic substrates and based on energy
conversion of the droplet-substrate system, the model can ac-
curately predict the electrowetting-induced jumping velocity of
droplets on flat hydrophobic substrates with a range of wettabili-
ties. Their prediction for droplet jumping from flat hydrophobic
substrates got good agreement with the previous experimental
and numerical study. They also confirmed the prediction of their
theory by using many-body dissipative particle dynamics, which
has been widely used to investigate microfluidic dynamic pro-
cess in many applications with free interfaces [31–37]. However,
A further understanding of the kinetic process on the droplets
wetting on textured hydrophobic substates with different natural
and even electrical wetting states is still lacking. The effects of
wetting states on the accurate prediction on the escape of veloc-
ity of the droplet need a systermatically study. In this work, we
present a theoretical expression of the electrowetting-induced
jumping velocity of a liquid droplet on textured hydrophobic
surfaces with different wetting states, which can be taken as an
extension of the previous model for droplet detachment from flat
hydrophobic substrates. More specifically, we consider a liquid
droplet wetting on a textured hydrophobic substrate. The natu-
ral wetting state could be Cassie-Baxter state or Wenzel state, as
shown in Fig. 1 (a) and (b). The static contact angles are marked
as θCB and θW , respectively. Fig. 1 (c) shows that the droplet is in
Wenzel state which is tranferred from the natural Cassie-Baxter
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2state. In that case, the value of the contact angle (θ ′W ) is usually
different from that of the natural Wenzel state. With a voltage ap-
plied between the droplet and the substrate, the Maxwell stress
concentrated on the triple-phase contact line can break the in-
trinsic balance between three-phase interfacial tensions and de-
forms the droplet. By turning off the applied voltage, the energy
stored in the droplet surface during the deformation can make
the droplet retract and even jump from the substrate. Here, the
effect of the gravity force is neglected in the derivations as the
size of the droplets in our assumption is much smaller than the
capillary length lc, which is given by lc = (γ/ρg)(1/2) with γ ,
g and ρ being the liquid-vapor surface tension, the gravity and
the density of the liquid. For water, lc = 2.7mm. Correspond-
FIG. 1. A schematic of a droplet wetting on textured hydrophobic sub-
strates with: (a) Cassie-Baxter state (θCB), (b) Wenzel state (θW ) and (c)
Wenzel state transferred from Cassie-Baxter state (θ ′W )
ing to different wetting states, the apparent contact angles can
be described by the derived models from Young’s equation [38],
i.e. Cassie-Baxter equation [39] and Wenzel equation [40], re-
spectively. The surface energy of droplets is related with the
three-phase interaction at the interfaces [41].
In particular, for a droplet in Cassie-Baxter wetting state with
an apparent contact angle θCB, we assume the volume of the
droplet is a constant value of Vl , the wetting radius should be
RCB =
[
3Vl/
(
pi
(
2−3cosθCB+ cos3 θCB
))]1/3. Then, the sur-
face energy of the droplet in Cassie-Baxter state ECB can be de-
scribed as
ECB = γAlv+ γslAsl + γsv (Λ−Asl)
= γpiR2CB
[
2(1− cosθCB)− cosθCB sin2 θCB
]
+ γsvΛ
(1)
where γ is the liquid-vapor interface tension. γsl and γsv rep-
resent the solid-liquid and solid-vapor interface tensions, re-
spectively. Λ represents the total area of solid surface in-
cluding the solid-vapor and solid-liquid interfaces. Alv and
Asl are surface areas of liquid-vapor and solid-liquid inter-
faces, respectively. For the droplet in Wenzel state with an ap-
parent contact angle θW , the wetting radius should be RW =[
3Vl/
(
pi
(
2−3cosθW + cos3 θW
))]1/3. In this case, the surface
energy EW can be described as
EW = γAlv+ γslAsl + γsv (Λ−Asl)
= γpiR2W
[
2(1− cosθW )− cosθW sin2 θW
]
+ γsvΛ
(2)
As we all know, the surface energy of droplets in the Cassie-
Baxter state is much higher than that in Wenzel state. If the wet-
ting state is transferred into Wenzel state due to some external
small variations, the wetting transition from Cassie-Baxter state
into Wenzel state could occur. In that case, the static contact
angle can become different than before, which is marked as θ ′.
And then the corresponding surface energy E ′W can be described
as
E ′W = γAlv+ γslAsl + γsv (Λ−Asl)
= γpiR′W
2 [2(1− cosθ ′W )− cosθ ′W sin2 θ ′W ]+ γsvΛ (3)
where R′W =
[
3Vl/
(
pi
(
2−3cosθ ′W + cos3 θ ′W
))]1/3 is the ra-
dius of the droplet with a spherical cap. During electrowet-
ting, by applying an external voltage U between the droplet
and the substrate, the droplet can spread on the surface and
the apparent contact angle experiences a significant reduction.
This is because the solid-liquid interface tension is reduced
by the Maxwell stress concentrated on the triple-phase contact
line[42, 43]. The relationship between the spreading equilib-
rium state with a smaller contact angle θE and the heterogeneity
of the textured substrates was investigated by Wang et al. [16],
which can be described by the modified Lippmann-Young equa-
tion until saturation of the contact angle occurs,
cosθE = f1
(
cosθY +
1
2
εU2
dγlv
)
− f2 (4)
where ε is the electrical permittivity and d is the thickness of
the insulating layer. f1 = αβ (1 + λ ) and f2 = 1−αβ repre-
sent the heterogeneous coefficients of the substrates. Here the
substrates in our model are all isotropic, i.e. λ = 1. α and β
are the coefficients which represent the wetting state of droplets
on textured substrates. For β = 1, the droplet is in Cassie-
Baxter state, and the electrowetting contact angle is marked as
θE−CB. The electrowetting radius can be described as RE−CB =[
3Vl/
(
pi
(
2−3cosθE−CB+ cos3 θE−CB
))]1/3. While for α = 1,
the droplet is in Wenzel state. The electrowetting contact angle
is marked as θE−W . And the electrowetting radius is described
as RE−W =
[
3Vl/
(
pi
(
2−3cosθE−W + cos3 θE−W
))]1/3.
When the applied voltage is turned off suddenly, since the
relaxation time of the droplet is much smaller that the character-
istic time of discharge process of interfacial charges, the shape
of the droplet remains as the same at the apparent electrowetting
contact angle θE without the Maxwell stress interacting on the
triple-phase contact line. However, for droplets in Cassie-Baxter
state initially, the wetting state after the voltage is off could be
also in two types, i.e. Cassie-Baxter state or Wenzel state. While
for droplets in Wenzel state initially, the wetting state should be
still the same after the voltage is off. Thus, the surface energy of
the droplet after the voltage EEW is off could be in three types:
(a) For a droplet in Cassie-Baxter state at initial and also elec-
trowetting stages, the surface energy ECB−CB can be described
3as
ECB−CB = γA′lv+ γslA
′
sl + γsv
(
Λ−A′sl
)
= γpiR2E−CB
[
2(1− cosθE−CB)− cosθCB sin2 θE−CB
]
+ γsvΛ
(5)
where A′lv and A
′
sl represent the liquid-vapor and solid-liquid ar-
eas after the process of electrowetting. And the electrowetting
contact angle is marked as θE−CB. θCB is the initial contact an-
gle, which represents the interaction between solid and liquid
interface after the voltage is off. The derivation about this point
has been illustrated in our previous work [7].
(b) For a droplet in Cassie-Baxter state initially and then trans-
ferring into Wenzel state induced by the electrowetting interac-
tion, the surface energy of droplets ECB−W should be described
as
ECB−W = γA′lv+ γslA
′
sl + γsv
(
Λ−A′sl
)
= γpiR′E−W
2 [2(1− cosθ ′E−W )− cosθ ′W sin2 θ ′E−W ]+ γsvΛ
(6)
where θ ′W is the contact angle in Wenzel state which is trans-
ferred from Cassie-Baxter state. θ ′E−W is the electrowetting con-
tact angle and the corresponding electrowetting radius of the
droplet is R′E−W =
[
3Vl/
(
pi
(
2−3cosθ ′E−W + cos3 θ ′E−W
))]1/3.
(c) For a droplet in Wenzel state, the surface energy EW−W
can be described as
EW−W = γA′lv+ γslA
′
sl + γsv
(
Λ−A′sl
)
= γpiR2E−W
[
2(1− cosθE−W )− cosθW sin2 θE−W
]
+ γsvΛ
(7)
During the retract process of the droplet, the viscous dissipa-
tion Evis can be approximately estimated as [21, 44]
Evis = 16piµ
√
γR30
ρ
(8)
where R0 is the initial radius of the droplet. µ and ρ are the
viscosity and the density of the liquid, respectively. The de-
tailed derivation and parameter analysis have been done in our
previous work [21], in which we confirmed that the viscous dis-
sipation changes with the liquid-vapor interface tension and the
initial radius of the droplet but is independent of the jumping ve-
locity and the initial wetting contact angle. It is also noting that
the interaction of the solid substrate on the triple-phase contact
line and the oscillation after the detachment occurs are neglected
in that assumption, which could slightly affect the prediction re-
sults for droplets wetting on textured substrates.
At the end of the retraction, if the residual kinetic energy is
still larger than zero, the droplet would jump from the substrate
and then, the surface energy of the droplet is estimated as
Efree = γ4piR20 + γsvΛ (9)
From energy conservation, EEW = Evis +E f ree +Ek. Corre-
sponding to different types of initial wetting and electrowetting
states, the kinetic energy of the droplet Ek can be derived as:
(a) For a droplet in Cassie-Baxter state at initial and also elec-
trowetting stages,
Ek−CB−CB =γpiR2E−CB
[
2(1− cosθE−CB)− cosθCB sin2 θE−CB
]
−16piµ
√
γR30
ρ
− γ4piR20
(10)
(b) For a droplet in Cassie-Baxter state initially and then trans-
ferring into Wenzel state induced by the electrowetting interac-
tion,
Ek−CB−W =γpiR′E−W
2 [2(1− cosθ ′E−W )− cosθ ′W sin2 θ ′E−W ]
−16piµ
√
γR30
ρ
− γ4piR20
(11)
(c) For a droplet in Wenzel state,
Ek−W−W =γpiR2E−W
[
2(1− cosθE−W )− cosθW sin2 θE−W
]
−16piµ
√
γR30
ρ
− γ4piR20
(12)
Then, the jumping velocity VJ of droplets for different elec-
trowetting processes can be obtained as
(a) For a droplet in Cassie-Baxter state at initial and also elec-
trowetting stages,
VCB−CB = u
[
3
2
A(θCB,θE−CB)−6(1+4Oh)
]1/2
(13)
where A(θCB,θE−CB) = 3
√
( 42−3cosθE−CB+cos3θE−CB )
2 ×[
2(1− cosθE−CB)− cosθCBsin2θE−CB
]
is the electrowet-
ting coefficient.
(b) For a droplet in Cassie-Baxter state initially and then trans-
ferring into Wenzel state induced by the electrowetting interac-
tion,
VCB−W = u
[
3
2
A
(
θ ′W ,θ
′
E−W
)−6(1+4Oh)]1/2 (14)
where A
(
θ ′W ,θ ′E−W
)
= 3
√
( 42−3cosθ ′E−W+cos3θ ′E−W
)2 ×[
2
(
1− cosθ ′E−W
)− cosθ ′W sin2θ ′E−W ].
(c) For a droplet in Wenzel state,
VW−W = u
[
3
2
A(θW ,θE−W )−6(1+4Oh)
]1/2
(15)
where A(θW ,θE−W ) = 3
√
( 42−3cosθE−W+cos3θE−W )
2 ×[
2(1− cosθE−W )− cosθW sin2θE−W
]
.
Generally, we put these formulas together and the unified
form is described as,
VJ = u
[
3
2
A(θ ,θE)−6(1+4Oh)
]1/2
(16)
where A(θ ,θE) = 3
√
( 42−3cosθE+cos3θE )
2 ×[
2(1− cosθE)− cosθsin2θE
]
. For different wetting con-
ditions with a natural wetting contact angle θ and an elec-
trowetting contact angle θE , one can obtain the corresponding
4electrowetting-induced jumping velocity VJ , i.e. for a droplet
on:
i) flat hydrophobic substrates, then θ = θY (θY is the intrin-
sic contact angle of a substrate) and θE = θE−Y (θE−Y is the
electrowetting contact angle of the droplet on the flat substrate),
which was proposed in the previous work [21];
ii) textured substrates with natural and also electrowetting
Cassie-Baxter state , then θ = θCB and θE = θE−CB;
iii) textured substrates with Cassie-Baxter state initially and
then transferring into Wenzel state induced by the electrowetting
interaction, then θ = θCB and θE = θ ′E−W ;
iv) textured substrates with Wenzel state, then θ = θW and
θE = θE−W .
In summary, this work provides an analytical investigation
on the energy conversion between the surface energy, vis-
cous dissipation and kinetic energy during the electrowetting-
induced jumping motion for droplets on textured hydropho-
bic substrates with different wetting states. The theory for
droplets on flat hydrophobic substrates is extended to describe
the electrowetting-induced detachment of droplets on textured
hydrophobic substrates, which elaborates the relationship be-
tween the electrowetting-induced velocity, the Cassie-Baxter or
Wenzel contact angle, the modified Lippmann-Young contact
angle, and the Oh number. The effects of natural and electrical
wetting states on the jumping velocity of droplets are discussed
and the corresponding analytical predictions of electrowetting-
induced velocity are given. The unified form for predicting the
electrowetting-induced jumping velocity of droplets on both flat
and textured substrates with different wetting states is obtained,
which can describe the jumping motion with various wetting
conditions. It is noting that the oscillation of contact line dur-
ing the retraction on the substrates and after the detachment of
droplets are neglected in the assumption, whose effects need to
be investigated in further research. The gravity is also neglected
which indicates that this model can be used for micro- or nano-
droplets whose size is much smaller than the capillary length.
This work can provide new insights on accurate control of the
electrowetting-induced jumping motion of droplets on textured
hydrophobic substrates.
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